Here we document the in vivo physiological responses We first recorded from the ALM touch neuron. Images of CFP and YFP emission were captured simultaneously to touch stimuli in C. elegans mechanoreceptor neurons. Using a cameleon-based reporter of transient calcium at 25 Hz, and custom software was used to compute the fluorescence ratio at each pixel and over the entire influx, we deduced the basic sensory/response capacities of the body touch neurons, distinguished a specific cell body. Long buzz stimuli produced clear and relatively uniform ratio changes across the entire cell body role for the MEC-4/MEC-2 channel in the sensation of gentle touch, and unexpectedly discovered that body as shown in Figure 1B for a 1.4 s buzz. Short poke stimuli also generated reliable increases in the fluorescence touch receptor neurons also have the capacity to respond to harsh touch stimuli using molecular machinery ratio averaged over the ALM cell body ( Figure 1C ). The yellow and cyan intensities showed reciprocal changes distinct from the MEC-4/MEC-2 channel. These data significantly extend understanding of molecular mecha-( Figure 1C ), as expected for a FRET change caused by an increase in calcium. All three classes of touch neunisms of touch transduction and establish feasibility of using cameleon reporters for analyses of nematode neurons, ALM, AVM, and PLM (Chalfie et al., 1985) , exhibited reliable calcium responses when we delivered stimuli to ronal responses in a native context. the appropriate sensory region (anterior body for ALM and AVM, posterior body for PLM) and responded less Results reliably or not at all when the inappropriate body region was stimulated (data not shown; see also Figure 3F ).
In Vivo Detection of Touch-Evoked Neural Activity in C. elegans Mechanoreceptors
Thus, we could robustly detect calcium transients in the touch neurons in response to mechanical stimulation. We generated transgenic lines that expressed chameleon YC2.12 (Nagai et al., 2002) 
in the touch neurons
To verify that our stimuli corresponded to gentle touch, we assayed the behavioral responses of partially under the control of the mec-4 promoter (Mitani et al., 1993) . In the lines assayed, we found touch sensitivity immobilized wild-type and mutant nematodes under imaging conditions. Pokes and buzzes elicited vigorous to be normal (for example, for transgenic line bzIs18 [p mec-4 YC2.12 ϩ lin-15(ϩ)], 82%, and for wild-type, 84%
thrashing from wild-type animals (7/8 responded to poke, 8/9 to buzz), but mec mutants failed to respond of animals respond to the first three successive touches), indicating that expression of cameleon in the (0/9 mec-4(u253) animals responded to poke, 0/9 to buzz), indicating that our stimuli correspond to gentle touch receptors did not disrupt their function. To test whether we could detect calcium transients in response touch typically delivered in behavioral tests by an eyelash stroke. We also noted an unexpectedly slow recovto mechanical stimulation, we glued individual adult hermaphrodites to 2% agarose pads and stimulated them ery of calcium levels to baseline, so we examined cell body responses with the lower affinity YC3.12 and obwith a round-tipped glass probe connected to a motorized stage ( Figure 1A ). Various types of gentle stimulaserved a more rapid return to baseline ( Figure 2B ). This difference may be due to rapid reduction of calcium tion were given (Figure 2A ): pokes, which represent brief stimuli in which the probe transiently pushes in and pulls levels to below YC3.12 but not YC2.12 detection limits, or due to the higher affinity calcium buffering action of out of the cuticle; presses, which give a longer stimulus of constant displacement; and buzzes, which are longer YC2.12 impeding the removal of calcium from the cell. Since YC2.12 produced larger responses, exhibited a Characterization of the Gentle Touch Mechanosensory Modality in ALM linear rising phase over a wider range of calcium changes (up to about 30% ratio change), and did not We used the poke, buzz, and press stimulus paradigms to investigate the basic properties of the gentle touch disrupt touch behavior, we concluded that using YC2.12 would best allow us to accurately detect and quantify sensory modality in ALM. Very fast (90 ms) pokes were used to examine the time course of the initial response responses to mechanosensory stimuli in vivo.
To assess the effect of mechanical stimulation on ( Figure 2C ). We observed a significant increase in ratio within 45 ms, although there was no evidence of recalcium influx in regions other than the cell soma, we recorded from the ALM process in the nerve ring, where sponse for the first 22 ms. Since it was necessary to stimulate some distance from the site of recording to synaptic and gap-junction contacts are made. Calcium transients typically showed faster rises and decays than avoid motion artifacts, it is unclear what fraction of the 20-30 ms delay is due to propagation time down the in the cell body ( Figure 2B and data not shown), as might be expected from the greater surface-to-volume ratio in process. Regardless, it is clear that the cell can respond within 50 ms of stimulus onset. To determine the durathe process, but otherwise process responses seemed similar to cell body responses. Due to the technical tion and strength of this response, we applied a variety of stimuli for a range of durations. As shown in Figure  difficulty and less favorable signal-to-noise ratio when recording from the process, we focused on the cell body 2D, the magnitude of response was roughly proportional to the stimulus duration over a wide range of stimuli. for quantitative comparisons between different strains and stimulus conditions.
Responses induced by fast (Ͻ500 ms) pokes and by Figure 3A) .
(5/9 buzz, 2/11 poke). Thus, the receptive field for ALM In this trial, the press stimulus generated a response on is roughly coincident with its sensory process. Interestapplication and removal of the pressure, but no reingly, in the successful trials, the magnitude and slope sponse during the period of constant pressure, while the of transients caused by close and distant anterior stimubuzz caused a continual increase in calcium, suggesting lation were not significantly different ( Figure 3G ), sugthat the gentle touch neurons are considerably more gesting either active propagation or very little loss during responsive to motion than to pressure per se. To further passive propagation down the process. Furthermore, quantify this difference, we recorded the response to when a response was elicited by posterior stimulation, it 2.5 and 5.0 s presses and buzzes ( Figure 3B ) and calcuwas also not significantly different in magnitude, despite lated the slope of the response from 500 ms after the the reduced probability for success ( Figure 3G ), sugonset of the stimulus to 300 ms before the removal of gesting a sharp threshold between submaximal and the stimulus ( Figure 3C ). These measurements conmaximal stimulation. reduced the magnitude of calcium influx in response replicated this training protocol with both 150 ms poke to poke and buzz stimuli. Thus, the calcium transients and 1 s buzz stimuli and compared test responses beobserved in response to touch appeared to be depenfore and after training. Both poke and buzz test stimuli dent on the influx of extracellular calcium through voltwere significantly reduced after training with 1 s buzzes age-gated channels, supporting the hypothesis that the ( Figure 3E ), as compared to pretraining levels and comtouch-induced calcium transients are an indicator of pared with mock training where no stimuli were given mechanosensory depolarization. (data not shown). This reduction was also observed when test stimuli were given at a different location than Effects of mec-4 and mec-2 on Touch Neuron the training stimulus, suggesting a cell-wide reduction Sensory Responses in response rather than a local phenomenon of adaptaWe next assessed the effects of the mec genes on the tion at a specific point along the sensory process. It process of mechanosensation in ALM. We first tested is therefore likely that habituation protocols alter the the effect of mec-4, which encodes a sodium channel response properties of the sensory cells. However, when subunit of the DEG/ENaC superfamily and has been pokes were used as the training stimulus, no significant change in touch neuron response was observed (Figure hypothesized to be the core channel subunit of the touch-transducing complex. In contrast to wild-type aniof the MEC-2-deficient channel is insufficient to generate a calcium transient in vivo. Alternatively, in the in mals, we found that in all cases, null alleles u253 and e1497 of mec-4 mutants showed no calcium response vivo situation that we monitor, MEC-2 may be necessary to couple channel activity to the movement of intracelluto poke, buzz, or press stimuli ( Figure 4A depolarized the cultured touch neurons with extracelluSignificantly, we observed responses in neurons from the mec-4(u253) and mec-2(e1084) null strains that were lar potassium and assayed calcium changes using cameleon. All imaged neurons showed a robust ratio inindistinguishable from those of wild-type neurons. In all cases, over 90% of cells gave a measurable response. crease of homogenous size and similar time course coincident with the depolarization, and the ratio trace It should be noted that while the mec-4(u253) and mec-2(e1084) mutations had no detectable effect on depolarfaithfully corresponded to reciprocal changes in yellow and cyan intensities as expected from an increase in ization-induced calcium influx, they abolished in vivo calcium and behavioral responses to gentle touch. In cameleon FRET due to a rise in intracellular calcium. Calcium transients were completely abolished in nomicontrast, the calcium influx in cells cultured from egl-19 reduction of function mutants was significantly renally calcium-free depolarizing solutions (2 mM EGTA added to 40 mM K ϩ solution without calcium; Figure 5A ) duced in these assays relative to wild-type ( Figure 5B) . Thus, since egl-19 hypomorphic mutants showed only and by the L-type calcium channel blocker diltiazem ( Figure 5B ). unc-2, itr-1, and unc-68 strains all showed a partial reduction in touch induced calcium influx and only slightly impaired touch avoidance behavior, the abno significant difference from wild-type (Frøkjaer-Jensen, 2002). These results indicated that the intracellular sence of touch-induced calcium transients in mec-2 and mec-4 animals could not be caused by a general defect rise in calcium caused by potassium-induced depolarization was dependent on calcium influx through L-type in L-type calcium channel function in these mutants. Together, these results indicated that mec-2 and mec-4 voltage-gated channels as opposed to non-L-type channels, the IP3 receptor, or the ryanodine receptor.
do not affect the general excitability of the touch neurons or their ability to generate a calcium transient in reTo investigate whether the mec genes altered the excitability or general calcium dynamics of the touch neusponse to depolarization. To confirm that deletion of the mec-4 gene does not rons, we created cell cultures of cameleon-expressing mec-4 and mec-2 null touch neurons and compared affect the general functionality of touch neurons, we assayed ionic currents in cultured touch neurons pretheir calcium responses to potassium-induced depolarization to those of wild-type cells (Figures 5C and 5D) .
pared from wild-type and mec-4(u253) nematodes. We applied the patch-clamp technique in the whole-cell configuration, which allows the stimulation of the cell membrane with polarizations more resembling those seen in vivo. We used intracellular and extracellular perfusing solutions that allow the detection of sodium currents so that we could determine if a mec-4-dependent current was constantly present in touch neurons from WT nematodes and ablated in mec-4(u253) touch neurons. In both wild-type and mec-4, we could detect three types of ionic currents: a voltage-insensitive cationic current and two types of voltage-sensitive outward currents likely carried by potassium ions. The cationic current conducted sodium as well as potassium (data not shown), but did not conduct the much larger cation NMDG and it was not sensitive to amiloride ( Figures  6A-6E) . Of the two voltage-gated outward currents, one type activated and inactivated very quickly (inactivation at ϩ100mV ϭ 5.5 Ϯ 0.9 ms, n ϭ 6, Figures 6G and 6I) , and the other displayed much slower activation kinetics and did not appear to inactivate during pulses as long as 400 ms ( Figures 6H and 6J and data not shown) . The slowly activating outward current was rare and was found in only one wild-type and one mec-4(u253) touch neuron. When we measured current amplitudes at Ϫ120mV and ϩ100mV to determine if deletion of mec-4 affected current density, we did not find difference between neurons cultured from the WT and mec-4(u253) (Figures 6F and 6K) . Thus, we were again unable to detect any differences between the basic physiology of wild-type and mec-4 mutant touch neurons.
MEC-4-Independent Sensory Responses in the ALM Touch Neurons
To further test the specificity of the mec mutants' touch neuron defects, we assayed the in vivo responses of the mec mutants to a distinct sensory stimulus, harsh touch. Avoidance of harsh touch (typically delivered by hand by prodding with a platinum wire) does not require the activity of the mec genes (Chalfie and Sulston, 1981), although cell ablation experiments suggest that the touch neurons might contribute to sensing these stimuli (Way and Chalfie, 1989). We observed reliable behavioral responses to harsh touch in mec-4, mec-2, and mec-6 animals, as anticipated. To determine the effect of harsh touch on calcium influx in ALM, we developed a protocol to deliver an analog of harsh touch to immobilized animals: a high-speed (2.8 mm/s), 30 m deflection to the worm's body wall using a flat metal probe (here (C). Notice the disappearance of the inward component of the current during perfusion with NMDG-Cl. designated a "jab" stimulus). In contrast to pokes and occurs. However, the fundamental premise of this model, that the mec genes encode components of a buzzes, jabs elicited normal avoidance behavior in mec-4 mutants (10/12 worms responded). Thus, the jab complex specifically involved in mechanosensation, has long been difficult to test at the cellular level. Since mec stimulus appeared to be analogous by genetic and behavioral criteria to harsh touch. mutations eliminate the behavioral response to gentle touch, the proteins encoded by these genes are plausiWhen we monitored calcium influx in response to jab stimuli in ALM neurons, we observed a large and proble candidates for components of a mechanotransducing complex. On the other hand, an equally plausible longed calcium influx of variable amplitude in wild-type as well as mec-2 and mec-4 mutant animals (Figures hypothesis is that a given MEC protein might simply be needed for the basic neuronal function of the touch 7A and 7B). To examine the sensitivity and response profile of this response, we applied 50 m jabs at varying receptor neuron, and that the touch-insensitive phenotype would result because the touch receptor would be speeds to wild-type worms ( Figure 7C ) and found that only the fastest 2.8 mm/s stimulus induced the characimpaired for signaling. In humans, the correlation of leaky red blood cell membrane permeability with stoteristic response ( Figure 7D Our results also have interesting implications regardpressure is unlikely to result from fatigue or general ing the role in calcium channels in basic nematode neuadaptation of the cellular response, because the neuron ronal physiology. Nematode genomes appear to lack can sustain responsiveness to a continuously moving homologs of voltage-gated sodium channels (Bargmann stimulus. Rather, it appears that the touch receptor neu-1998), raising the question of how neuronal depolarizaron adapts rapidly to constant pressure in the stimulus tion is propagated down the neural process. It has been range we delivered, but is tuned toward sensing and suggested that the high input resistance of C. elegans responding to light but sustained motion across the neurons might allow propagation to occur exclusively receptor field. The in vivo sensitivity we document is through passive electrical conductance (Goodman et consistent with the behavioral assay in which an eyelash al., 1998). However, several of our results suggest that is typically gently dragged across the body.
active propagation may occur in C. elegans touch neuOur data also reveal that the neurons defined as critirons. In particular, we observed that stimulation of the cal for responses to gentle body touch mount a distinct sensory process in a region proximal to the cell body physiological response to harsh touch stimuli. It is induced somatic calcium transients that were neither known that in the absence of functional touch receptor larger nor more reliably evoked than those induced by neurons, C. elegans can respond to harsh touch stimuli more distal stimulation. Moreover, although stimuli apsuch as the prod of a wire (Chalfie and Sulston, 1981), plied outside the core receptive field of the touch neuand the capacity to respond to harsh mechanical stimuli rons evoked calcium transients much less reliably than has been proposed to reside in FLP and PVD neurons stimuli applied over the sensory process, in the in-(Way and Chalfie, 1989). Our data establish that the stances in which calcium transients were evoked, trangentle touch receptor neurons are also activated by sients were approximately equal in magnitude (relative harsh mechanical stimuli and thus may normally contribto stimulus duration). This all-or-none neural response ute, directly or indirectly, to this mechanosensory bepattern suggests the existence of active currents in C. Figures 1-3 ) or 5% agarose (Figures 4 and 7) ble explanation for the BNC1/ASIC3 phenotypes is that 
